Actin exists as globular (G) monomers or polymeric filaments (F) in the cytoplasm of eukaryotic cells and mediates cell morphological changes and motility. Large amounts of this protein may be released out to the extracellular compartment during tissue injury, but little is known about its role in biomaterialrelated inflammation. We immobilized actin to methylated glass, methylated-and aminated silicon and gold model surfaces and studied subsequent blood serum deposition and complement activation, generation of reactive oxygen species (ROS), and adhesion and aggregation of neutrophils and platelets. Nullellipsometry shows that approximately one monolayer of G-actin can be immobilized onto the model surfaces and actin in buffer polymerizes on top of this by the addition of K + and Mg 2+ ions to form a thicker layer of firmly bound F-actin. F-actin bound after serum incubation low amounts of anti-complement factor 1q (anti-C1q). The analysis of cell responses upon contact with actin-coated surfaces by luminol-amplified chemiluminescence, lumi-aggregometry and fluorescence microscopy show that surface-triggered aggregation, spreading, and generation of ROS were down-regulated and comparable to the response by adsorbed albumin. However, F-actin on gold surfaces recruited platelets in a C1q-dependent manner. We conclude that adsorbed actin in vitro is a weak complement, platelet and neutrophil activator, although Factin associates with both C1q and platelets.
INTRODUCTION
Protein adsorption precedes the adhesion of cells to artificial surfaces. The composition and thickness of the adsorbed protein layer may vary over time depending on the surface characteristics, 1 but is believed to play an important role for the behavior of early appearing inflammatory cells such as platelets and neutrophil granulocytes. It is well known that the surface deposition of fibrin/fibrinogen, coagulation proteins, and the activation of the complement system may amplify the acute inflammatory response (reviewed by Tang and Eaton 2 ). Complement is a humoral part of the defense against infection and acts by perforation of bacterial cell walls, recruitment of leukocytes and facilitation of phagocytosis through opsonization of natural as well as artificial surfaces. 3 There exist in principle two routes to activate complement at artificial surfaces: i) a rapid 4 activation induced by surface deposited immunoglobulins and complement facor 1q (C1q) (classical activation) or ii) a slower 4 activation on nucleophilic surface groups that form ester or amide bonds with complement factor 3 (C3) (alternative activation). The latter mechanism has been described as the main activation mechanism at artificial surfaces, 5-7 although recent studies reveal that also the classical pathway is indeed relevant for biomaterials. [8] [9] [10] The cytoskeletal protein actin (42 kDa) is among the most abundant proteins in the human body and is a key protein in cell morphological changes and motility. Actin represents 10-30% of the intracellular protein content of eukaryotic cells and in the neutrophil peripheral cytoplasm the concentration may locally be approximately 20 mg/mL. 11 It is also found in the extracellular compartment, especially after tissue injury, and micromolar concentrations have then been reported. 12-14 Despite this, biocompatibility and protein adsorption studies have been performed almost exclusively using plasma proteins and until date little is known about the effects of adsorbed actin. This protein exists in the form of globular monomers (G-actin) or filamentous polymers (F-actin). G-actin can be polymerized to F-actin in the presence of adenosine triphosphate (ATP) and cations such as Mg 2+ and K
+
. Others and we have demonstrated that the adhesion of neutrophils and platelets to artificial surfaces is associated with a rapid and extensive actin polymerization, 15-17 leading to spreading and possibly also frustrated phagocytosis and necrosis. The osmotic conditions in the extracellular compartment favor F-before G-actin. However, in order to avoid the harmful effects of free actin in circulation, blood plasma contains a regulatory system of specific actin binding proteins. In the present study we utilized an in vitro model system to elucidate serum plasma and complement binding properties, and platelet and neutrophil granulocyte responses to surface bound actin. Germany). The methylated SiO 2 -surfaces were hydrophobic (θ w >90°) and stored in xylene for less than one week. The silicon surfaces were used primarily in ellipsometry studies and glass surfaces in blood cell experiments.
MATERIALS AND METHODS

Reagents, antibodies, sera and plasma
Cleaned hydrophilic silicon wafers were dried and placed in a chamber containing 200 µl aminopropyl-triethoxysilane (APTES, Merck KGaA). The surfaces were then vapor aminated during 10 min at 60°C in low vacuum (6 mtorr), followed by extended baking during 60 min at 150°C in low vacuum. The APTES-coated surfaces were rinsed in xylene, ethanol, and sonicated for 1 min in xylene. Polyclonal anti-albumin antibodies did not bind to actin-coated surfaces, indicating that the purified actin contained low amounts of albumin (important since albumin-coated surfaces were used as a reference for actin-coated surfaces).
Ellipsometry
Flat silicon and gold surfaces were illuminated at a 70° angle of incidence with elliptically 
Chemiluminescence and aggregation
The generation of ROS during cellular interaction with the model surfaces was studied by 
Statistics
The data were assumed Gaussian distributed and are presented as mean ± SEM. n denotes the number of independent experiments, and in blood cell experiments the number of individual blood donors.
The statistical evaluation was performed using the two-tailed paired Student's t-test. The significance notations in illustrations represent the conventional significance levels * (p<0.05), ** (p<0.01), *** (p<0.001) and NS (not significant).
RESULTS
Actin immobilization
Surfaces were incubated in 0.1 mg/mL actin and the ellipsometric thickness was approximately 9Å
on methylated surfaces, 5Å on aminated silicon and 16Å on gold. Upon addition of 100 mM K + and 2 mM Mg 2+ to the actin solution, a rapid additional deposition of actin was induced at gold surfaces, reaching saturation at approximately 40Å during one hour of incubation (Fig. 1) . When the same procedure was applied on G-actin on aminated silicon, a similar protein layer thickening process was observed (not easily removed by SDS, whereas the G-actin layer remained intact on aminated silicon and gold, indicating a covalent (or equivalent to covalent) protein immobilization in the latter cases. The thickness of the Gactin layer was comparable to the thickness of albumin films, but thinner than IgG films (see Fig. 2-3 ).
Complement on silicon
Immobilized G-and F-actin layers on aminated silicon adsorbed proteins during incubations in 10% NHS or heparinized plasma, and the layer thickening was larger than 10Å after 5 min of incubation (Table 1 , Fig. 2A -B data group I and Fig. 3 ). Spontanously adsorbed G-actin on methylated silicon bound Covalently immobilized G-actin on aminated silicon bound approximately 22Å and 45Å of proteins after 5 and 90 min incubations in 10% NHS, respectively ( Fig. 2A , data groups I and II, and Table   1 ). A significant increase in layer thicknesses was observed upon subsequent incubations in anti-C1q (13Å after 5 min and 7Å after 90 min incubation in NHS, respectively), anti-C3c (18Å and 56Å) and anti-C3d
(5Å and 14Å). However, anti-properdin did not bind into the protein layer, indicating that the complement protein deposition was not due to a sustained classical activation since properdin stabilizes C3-and C5-convertases and serves as a marker of prolonged surface activation of complement. Thus, the half-life time of the convertases was too short to present any detectable amounts of properdin in the serum layer.
Alternatively, sterical hindrances made it impossible for the antibodies to bind to properdin.
F-actin on aminated silicon surfaces bound 11Å and 18Å of serum after 5 and 90 min incubations, respectively (Fig. 2B , group I and II, and Table 1 ). C1q, C3c and C3d could be identified by polyclonal antibodies in this film (significant depositions of 9Å and 5Å anti-C1q, 7Å and 46Å anti-C3c, and 6Å and 12Å anti-C3d after 5 and 90 min NHS incubation, respectively). The serum incubated F-actin surface did not bind anti-properdin.
The serum deposition to immobilized albumin (recognized as a low activator in the literature) on aminated silicon was comparable to that for immobilized G-actin, 19Å after 5 min and 36Å after 90 min of incubation (Fig. 2C , group I and II, Table 1 ). Furthermore, the subsequent depositions of anti-C1q (13Å and 7Å, after 5 and 90 min in NHS, respectively), anti-C3c (11Å and 43Å) and anti-C3d (3Å and 14Å), with no binding of anti-properdin, suggests that covalently immobilized albumin as well as actin on aminated silicon are weak or moderate activators of the complement system. Studies on serum protein deposition to IgG on aminated silicon, 9Å and 40Å after 5 and 90 min incubation, respectively ( Fig. 2D and Table 1 ), show that the antibody binding was higher but not very different from that observed on albuminand actin-coated surfaces, anti-C1q (12Å and 9Å), anti-C3c (19Å and 62Å), and, anti-C3d (4Å and 19Å) after 5 and 90 min incubations in NHS, respectively. However, the IgG-surfaces showed the largest serum binding after the prolonged incubation and the highest subsequent binding of anti-C3c and anti-C3d.
Furthermore, only IgG-surfaces bound appreciable amounts of anti-properdin, 7Å after the 90 min NHS incubation. Since bare aminated glutaraldehyde treated surfaces also have the capacity to bind C1q, C3c
and C3d after 90 min of serum incubation (Table 1 and Fig. 2E ), the analysis of interactions between C1q and actin required yet another base surface. Actin was therefore spontaneously adsorbed to gold.
Complement on gold
The serum layer thickness at G-actin on gold was approximately 33Å after 5 min of incubation (Fig. 3 , data group I). The corresponding F-actin layer thickness was 25Å (Fig. 3, group II) , albumin on gold, 26Å (Fig. 3, group III) and IgG on gold, 39Å (Fig. 3, 
group IV). Non-coated gold deposited approximately 40Å serum upon incubation in a similar way (not shown). No significant amounts of anti-
C1q bound to the serum layers on G-actin (Fig. 3 , group I), albumin (group III) or IgG (group IV).
However, small amounts of anti-C1q bound to serum incubated G-actin, and when G-actin was replaced for F-actin a significant binding of approximately 9Å anti-C1q occurred (Fig. 3, group III) . In order to confirm that the anti-C1q binding was not a result of a non-specific binding to F-actin, control experiments with C1q-depleted serum were performed. No anti-C1q bound to the protein layers when actin-, albumin-, IgG-, or non-coated surfaces were incubated for 5 min in 10% C1q-depleted serum (Table 1) . When the depleted serum was reconstituted with C1q approximately three times more anti-C1q bound to serum incubated Factin surfaces (27Å), compared to the other three surfaces (≤11Å, Table 1 
Chemiluminescence
No direct or primed ROS generation was observed upon stimulation of the neutrophils with 10 µg/mL soluble actin (measured as luminol-amplified chemiluminescence (CL) with or without a second stimulation of 0.1 µM formyl-Met-Leu-Phe). G-actin precoated hydrophobic glass surfaces reduced the neutrophil CL by approximately 43% (Fig 4) , and the response was further decreased by 81% when NHS (5%) was added to the cell solution (not shown). This is similar to the ROS generation on low-activator surfaces such as spontaneously adsorbed albumin, but very different from the potent neutrophil ROS generation triggered e.g. by immobilized IgG during NHS incubations. 47 In contrast to the previously reported potentiating effects of activated platelets on the neutrophil ROS-production on IgG-coated surfaces, 49, 51, 52 the introduction of platelets to neutrophils that contacted G-actin induced no amplification of the total CL-response, quite similar to albumin surfaces (Fig. 4) .
The ROS generation was studied after stimulation of the cells with protein-coated aminated silicon particles under stirring conditions in a Lumi-Aggregometer. The results correlate well with similar results on methylated surfaces. The neutrophil CL-response remained low on G-actin on aminated silicon particles.
Reference IgG-coated particles on the other hand activated the neutrophil respiratory burst via F cγ -receptors (Fig. 5A) . 49 In general, the neutrophil CL-response on G-actin coated particles was not significantly different from that of albumin-coated particles (Fig. 5A-C) , and the response became almost totally quenched with the introduction of 5% NHS to the cell solution (Fig. 5B) . This indicates that the observed complement deposition was not a result of a true or prolonged complement activation since the actin-and albumin-coated surfaces gave rise to low neutrophil respiratory burst responses in serum containing media.
Furthermore, the introduction of platelets to the neutrophil test system showed no effect on the total ROS generation in response to G-actin or albumin particles (Fig. 5C ), providing further support for the hypothesis that surface bound actin is a poor activator of the inflammatory response.
Cell-particle aggregation
The platelet is a specialized wound healing and hemostasis cell, but possess also potent inflammatory capabilities. Platelets aggregate upon activation and this can serve as a marker for the degree of activation. For example, surface bound IgG is a moderate activator of aggregation (via the F cγ -receptor)
and shows approximately one third of the aggregation response that is induced by collagen. 49 The aggregation by G-actin particles was approximately one third of that of IgG-coated particles (Fig. 6A) , and did not differ significantly from that of albumin coated particles (Fig. 6A-B) . Hence, the platelet binding to G-actin was low. Similar findings were observed for neutrophils or mixtures (at a physiological ratio) of neutrophils and platelets (Fig. 6B) . Since the particle-based measurement system was not a useful tool for the study of responses by F-actin coated particles (the particles aggregated during the polymerization stage), the influence of F-actin on the platelet and neutrophil behavior was primarily evaluated by the use of morphological methods.
Cell adhesion and morphology
Neutrophils and/or platelets were fixed and F-actin stained after interactions with gold surfaces and evaluated by fluorescence microscopy. Adhered neutrophils (Fig. 7) and platelets (Fig. 8) demonstrated an extensive spreading that was reduced by coating the surfaces with G-or F-actin. The presence of 5% NHS did not cause any quantitative or morphological changes in the neutrophil adhesion on G-or F-actin, but inhibited the binding and spreading on non-coated surfaces (Fig. 7) . Neutrophils that interacted with immobilized IgG displayed the opposite, i.e. an enhanced binding and spreading in serum containing buffer (Fig. 7) . When NHS was exchanged for C1q-depleted serum, no difference regarding the neutrophil adhesion to actin-coated surfaces was observed (not shown). Platelets reacted, in contrast to neutrophils, with a reduced adhesion to G-actin, F-actin and non-coated gold when NHS was introduced (not shown, essentially like the reconstituted serum in Fig. 8) . Furthermore, the number of adhered platelets on NHSopsonized F-actin was reduced by 37% in C1q depleted serum (Fig. 8-9) . Interestingly, the F-actin surface deposited significantly higher amounts of anti-C1q after the NHS incubation ( Fig. 3 ; data group III), an observation that disappeared in C1q-depleted serum. Although the platelet morphology showed no apparent signs of activation, the cell count was higher on F-actin than on G-actin surfaces in NHS (Fig. 9 ). This support the observation by Vasconcellos and Lind 31 who reported some platelet activation capacity by Factin.
DISCUSSION
Free actin in the extracellular space may have harmful and even toxic effects on cells. 22 The present study suggests that surface bound actin is a relatively poor activator of the coagulation and complement systems and interacts moderately with neutrophils and platelets in vitro. However, we observed that C1q binds to immobilized F-actin, with a subsequent adhesion of platelets. The binding decreased dramatically in C1q-depleted serum. F-actin may be localized to interfaces between biomaterials and body fluids since: i) the insertion of a device induces tissue injury, ii) conditions that give rise to cell lysis are reported in biomaterial applications, iii) platelets and leukocytes adhere to surfaces during the acute phase of inflammation and form large amounts of intracellular F-actin, 15-17 iv) foreign body giant cells that appear during a chronic inflammatory phase display distinct F-actin formations 53 and v) fibroblasts use the actin cytoskeleton for orientation during the regenerative phase at biomaterial interfaces. 54 Nishioka et al. observed a precipitation in a C1q-actin system, 24 and the present study supports their observation in that association occurred when actin was surface bound, and was stronger for polymerized actin. The C1q-actin association was observed during typical extracellular osmotic conditions and may take part in the regulation of platelet adhesion.
C1q may bind to extracellular actin and act as a marker for C1q-receptor expressing cells. It was recently discovered that complement receptor 1 (CR1 or CD35, receptor for C3b, iC3b and C4b) also binds were not affected when C1q was depleted from serum. This is in sharp contrast to the neutrophil behavior on potent classical activator surfaces such as IgG-coated methylated glass 47, 48 in serum containing media.
The binding of other specific complement antibodies was moderate in the F-actin/NHS system. Hence, unlike IgG, F-actin likely binds C1q by the collagen-like region and present the globular heads to the cells.
However, more studies need to be performed to ascertain whether the platelet 33kDa receptor is in fact involved in the interaction with C1q on F-actin, or not. Alternatively, the C1q-supported platelet adhesion may be due to binding to other surface active serum proteins, for instance other complement fragments and
IgG.
F-actin but not IgG on gold bound significant amounts of anti-C1q after the NHS incubations.
This is in agreement with earlier findings that IgG is a much more efficient classical activator on hydrophobic than on hydrophilic surfaces. On hydrophobic surfaces (such as the methylated silicon in the present study) IgG is not easily desorbed and may be denatured in a fashion that facilitates C1q-binding.
IgG can also directly bind C3 60 and perhaps this explains why hydrophilic IgG-coated surfaces activate the complement without the initial transient antibody-detection of C1q. The low-activating albumin surface acquired sparse, but far from negligible, complement (anti-C3c) deposition after the serum incubation. It is important in this context to remember that protein-resistant surfaces are rare and not many surfaces withstand deposition of complement during prolonged static interactions with blood in vitro. It seems therefore more appropriate to divide materials into low, moderate and potent binders of complement and ascertain whether these are true activators or not through detection of late appearing complement cascade factors, such as the alternative C3-convertase stabilizer properdin, or C3-degradation fragments like C3d.
Also, the antibody binding to adsorbed NHS layers on surfaces is not necessarily proportional to the amount of adsorbed antigen, and protein size, charge and flexibility largely determine the avidity of the antibody.
In conclusion, this study reveals that surface bound actin binds low amounts of complement proteins from serum and induces a relatively low activation of neutrophils and platelets. However, Table 1 .
CAPTIONS
Net serum and concomitant antibody depositions to pre-adsorbed protein layers on aminated silicon and gold. See Fig. 2-3 for experimental conditions. NHS: normal human serum. Å: Ångström (1x10 -10 m). In the right column, the C1q-depleted serum was reconstituted with 180 µg/mL C1q.
Fig. 1.
Rapid actin polymerization onto an immobilized monolayer of G-actin on gold. The surfaces were mounted in a cuvette at 37°C and the surface-deposited mass was measured in situ by null ellipsometry. Clean gold surfaces were incubated for one hour in 0.1 mg/mL G-actin in 2.0 mM Tris, pH 8.0 (non-filled squares).
After one hour, the osmotic conditions were changed by addition of 100 mM KCl and 2mM MgCl 2 , resulting in a near threefold increase in the deposited mass (filled squares). The formed F-actin layer could not be removed by a 10.4 mM SDS-elution. Representative experiment. Actin coatings reduce the neutrophil spreading at surfaces. G-or F-actin were immobilized to gold and some of the surfaces were exposed to 5% NHS prior to the addition of 1 x 10 6 /mL neutrophils. The samples were incubated for 20 min at 37°C in KRG, fixed during 30 min in 4% paraformaldehyde, and permeabilized and stained for F-actin in lysophosphatidylcholine and bodipyphallacidin. The cell appearance was then documented by fluorescence microscopy. The presence of NHS showed no effect on the neutrophil morphology on G-or F-actin, but reduced the spreading on pure gold. The opposite occurred on the relatively potent complement activator surface IgG. No fluorescence was noted from bodipyphallacidin-stained cell-free actin-coated surfaces. Bar: 10 µm. reconstituted by the addition of 180 µg/mL C1q prior to interaction with surfaces, the F-actin surfaces recruited more platelets than when C1q was missing. This result was similar for mixed neutrophil-platelet suspensions. Bar: 10 µm.
Fig. 9.
C1q supports platelet adhesion to F-actin surfaces and more platelets adhere to F-than G-actin in serum containing solutions. The samples were prepared as in Fig. 8 and the platelets were exposed to C1q-depleted serum that was reconstituted, or not, with 180 µg/mL C1q. The number of adhered cells per view was counted using fluorescence microscopy at 630 x magnification. At least 25 views per sample were counted for each donor. The platelet count was higher on the reconstituted serum layers on F-actin than on C1q-depleted serum layers (for all donors, p=0.16). Bars indicate the SEM, n=4.
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Figure 1
Inflammatory reactions at surface bound actin
